In this study, four infiltration facilities (permeable pavement, infiltration gutter, infiltration trench, and infiltration well) have been investigated and compared with their flood runoff reduction effect. The SEEP/W model was used to estimate the infiltration amount of each facility, and the flood runoff reduction effect was quantified by the decrease in curve number (CN). As a result of this study, we found that: (1) the infiltration could be successfully simulated by the SEEP/W model, whose result could also be quantified effectively by the decrease in CN; (2) among the four infiltration facilities considered in this study, the infiltration well and infiltration trench were found to be most efficient and economical; (3) finally, the intervention effect of the nearby infiltration facility was found not so significant. In an extreme case where the infiltration wells were located at 1 m interval, the intervention effect was found to be just 1%.
INTRODUCTION
Recently, there have been serious water inundations in major cities in Korea (Kim et Lee & Ryu ) . In particular, the inundation of the Gwanghwamun intersection, on September 21, 2010, attracted many media's attention, as it was the first inundation at the symbolic location of Seoul. The local governments prepared various countermeasures including the capacity expansion of the drainage system, large-scale underground drainage tunnels, large or small storage facilities, and various infiltration facilities (NEMA ).
Most civil engineers seem to prefer rather large-scale measures like the capacity expansion of a drainage system or underground drainage tunnels, which are believed to have immediate effect. Rather small storage facilities are also among their favorite countermeasures, especially when the inundated area is limited. On the other hand, many other citizens and environmentalist prefer infiltration facilities widely distributed over the urban area. They believe these infiltration facilities can reduce a significant portion of the flood volume by increasing the infiltration amount. They say this is a right way to cope with global warming and to regain the sound water circulation in urban areas (Lee ; Yoon & Ahn ; Lee et al. ) . However, many engineers believe that the role of infiltration facilities is overestimated. Even though the argument between most civil engineers and the environmentalists is becoming serious, any clear answer to this question has not been made yet. This is mainly due to the fact that the flood reduction effect of infiltration facilities has never been thoroughly examined, different from the storage facilities.
One can find several simulation studies to quantify the effect of flood reduction facilities, which are mostly storage facilities (Zakaria et al. ) . In fact, the effect of a single large facility can be easily evaluated by comparing runoff simulations before and after the introduction of the facility (Kim et al. ) . It is also possible to evaluate a few facilities within a catchment, even though the problem can be much more complicated (Lee et al. ) . As flood runoff reduction facilities are generally small compared to the size of a catchment, it becomes very complicated to precisely consider these facilities in a hydrological analysis.
Several studies have also tried to quantify the flood runoff reduction effect of storage facilities using a long-term rainfall runoff model (NIDP ; Korean Society of Water and Wastewater ), but have failed to provide any guidelines for the design of these facilities. A simple methodology could be used for the preliminary design of a single storage facility (Aron & Kibler ; McEnroe ; Currey & Akan ), which may not be applicable to the case with several flood runoff reduction facilities within a catchment. Very limited measurements available have also prevented the derivation of a more practical solution for use by hydrological designers (Song & Im ) . Recently, Carter & Rasmussen () analyzed the effect of best management practices to show the possibility of their quantification using the Natural Resources Conservation Service (NRCS) runoff curve number (CN). Yoo et al. () also showed that the effect of storage facilities can be quantified by the decrease in CN. However, any similar studies related to the infiltration facilities could not be found.
This study proposed a methodology for quantifying the flood runoff reduction effect of infiltration facilities by the decrease in CN. The entire procedure is very similar to that of Yoo et al. () . The only difference is the procedure of estimating the infiltration amount, which was the interception amount when evaluating the storage facility. Four different infiltration facilities (permeable pavement, infiltration trench, infiltration well and infiltration gutter) are considered in this study. The SEEP/W model is used to estimate the infiltration amount of various infiltration facilities with different shape and dimension. In addition, the intervention effect of nearby infiltration facilities is evaluated.
The next section of this paper explains the methodology. This is followed by a description of the infiltration facilities and their characteristics. The next section presents the quantification of the infiltration facilities, and finally some conclusions are presented.
METHODOLOGY Infiltration simulation using the SEEP/W model
The SEEP/W model is a numerical model developed by GEO-Slope International in 1991 for the analysis of subsurface flow. In the SEEP/W model, Darcy's Law is used as a basic equation for the analysis of seepage flow. It explains the relationship between the pore pressure and soil water content. In an isotropic soil, Darcy's law can be expressed as:
where q is the specific flux, K is the hydraulic conductivity, h is the hydraulic head, and ∇ indicates the gradient. Buckingham () proposed a method of applying Darcy's law to the unsaturated flow by separating the total head into the pore pressure and gravity terms. Now Darcy's law can be expressed as follows:
where k s is the saturated (or absolute) hydraulic conductivity, k r is the relative hydraulic conductivity, ρ w is the density of a fluid, μ is the viscosity of a fluid, g is the gravity, ψ is the pressure head, and z is the potential head. The relative hydraulic conductivity k r is the ratio of the unsaturated hydraulic conductivity to the saturated hydraulic conductivity.
The stored water in the soil changes the soil properties, which can then be expressed as a function of pore pressure. In the infiltration analysis, the stored water in the soil is quantified by the volumetric water content (θ), which is expressed as follows:
where V W is the volume of water in the soil and V is the total volume of void. Based on the assumption that the soil load is unchanged and the air pressure in the pore is the same as that in the air, the volumetric water content becomes a function of only the pore pressure. Now the governing equation of the SEEP/W model for the unsteady infiltration analysis can be expressed (Fredlund & Rahardjo ) :
where H is the total hydraulic head, k x is the hydraulic conductivity in the x-direction, k y is the hydraulic conductivity in the y-direction, Q is the boundary flow applied, m w is the storage coefficient, γ w is the specific gravity of water, and t is time. In the SEEP/W model, the governing equation is solved by the finite element method (Ciarlet ).
Calculation of CN
The CN method was developed by the USDA NRCS in 1972 (US Soil Conservation Service ). The NRCS CN method is also called simply the CN method. Basically the CN method is to calculate the rainfall excess (or effective rainfall) from a rainfall event. The infiltration amount is calculated as the difference between the total rainfall and the rainfall excess. The CN value, the only parameter of the CN method, is decided by considering the soil, land use, vegetation, etc. The CN method is based on the following equation:
where Q is the rainfall excess, P is the total rainfall, and S is the potential maximum soil moisture retention. In the CN method, S is expressed as a function of CN:
In general, for a given rainfall event, the rainfall excess or infiltration amount can be calculated using Equations (5) and (6). The CN value should be estimated before the calculation using the information of soil, land use and vegetation. However, it is also possible to calculate the CN value using Equations (5) and (6) in the case where the infiltration amount for a rainfall event is given. In this study, the infiltration amount was estimated using the SEEP/W model for a given rainfall event. That is, the CN value could be estimated both before and after the introduction of infiltration facilities. Finally, the flood runoff reduction effect of infiltration facilities was quantified simply by the decrease in CN.
In fact, the decrease in CN is the opposite concept to the increase in CN. The increase in CN can easily be noticed as a result of urbanization. Also, the increase in CN can be calculated simply by considering the additional impervious area along with other land cover changes. On the other hand, if various infiltration or storage facilities are introduced, the CN should be decreased. It is rather easy to understand how the infiltration facilities decrease the CN.
The decrease in CN should be a function of the rainfall duration, return period, runoff coefficient of the catchment, and the size of the infiltration facility. If the flood runoff reduction effect of an infiltration facility can be quantified using a single factor CN, then the overall effect from many different infiltration facilities within a catchment could also be quantified by the decrease in CN, simply by following the method for estimating the catchment average CN with given CNs over the catchment. Additionally, the number of infiltration facilities, along with their sizes and locations, could be estimated as a flood allocation strategy for a given catchment.
INFILTRATION FACILITIES AND THEIR CHARACTERISTICS Permeable pavement
The permeable pavement is an infiltration facility made of porous material to infiltrate the rain water more effectively. The permeable pavement is composed of surface layer, road bed and filter layer above the pavement subgrade soil. Pervious concrete, porous asphalt and concrete grid pavers are generally used for the surface layer ( Figure 1 ). The permeable pavement is generally applied to the sidewalks, access roads with light traffic and parking lots. Compared to the other infiltration facilities, the function of the permeable pavement is assumed to be difficult to maintain, mainly due to clogging. The depth of porous material of the surface layer should be determined by considering the strength of porous material, target infiltration ability and target storage capacity. The porous asphalt is required to have a hydraulic conductivity higher than 10 À2 cm/sec, compressive strength higher than 400 kgf/cm 2 and porosity about 12%. The pervious concrete is required to maintain the hydraulic conductivity higher than 10 À1 cm/sec, flexural strength higher than 25 kgf/cm 2 and porosity 25%. Also, the concrete grid paver is required to maintain the hydraulic conductivity higher than 10 À2 cm/sec, flexural strength higher than 40 kgf/cm 2 and porosity about 25% (ARSIT ; NIDP ).
As a road bed material, crushed stone is generally used. The crushed stone is known to have high hydraulic conductivity and porosity. The filter layer is introduced to prevent the subgrade soil from penetrating into the road bed. Sand, with its particle size about 0.074 mm and transmission coefficients less than 6%, is generally used as a filter material. The design porosity of sand is assumed to be 25%. It is a standard for the cross-fall grade of road surface to be 2-3% for sidewalk and 2-5% for road or street (ARSIT ; NIDP ).
Infiltration gutter
The infiltration gutter is a porous lateral ditch made of pervious concrete materials. It is surrounded by crushed stones as in Figure 2 . Collected water in the infiltration gutter is infiltrated through its side and bottom. This facility is generally introduced in roads, parks, playgrounds and parking lots. This facility is also known to be effective when used with infiltration wells.
The shape of the infiltration gutter is similar to the Utype lateral ditch. The width, generally between 140 and 450 mm, is decided by considering the discharge capacity and maintenance. It is possible to make both the side and bottom to be porous or perforated, but the side is more generally considered due to the worry of clogging. The size of holes is generally decided to be less than 20 mm considering the particle size of the crushed stones. The open area ratio (OAR) should be more than 0.5% in order to maintain function of infiltration facilities in a long-term manner. The hydraulic conductivity of porous material should be more than 3 × 10 À1 cm/sec and the porosity is generally 15-30% (ARSIT ; NIDP ).
Infiltration well
The infiltration well is made of porous material, which is also surrounded by the crushed stones. Water collected in the infiltration well is infiltrated through its side and bottom. The infiltration well can be used independently or together with the infiltration gutter or infiltration trench. The structure of the infiltration well is shown in Figure 3 .
The shape of the infiltration well is round or rectangular. Inner diameter of the infiltration well is generally 300-500 mm, but a smaller diameter, such as 150 mm, is also applied where the site is narrow. The height of the well should be determined by considering the location of the connection pipes, sedimentation depth of clay, etc. The infiltration well is generally made of porous concrete or synthetic resins (e.g., vinyl chloride, polypropylene). Generally both the side and bottom are used to infiltrate the water, but only the bottom is considered when an infiltration well is used together with a connection pipe or an infiltration trench. As for the infiltration gutter, the size of holes is generally decided to be less than 20 mm and the OAR should be more than 0.5%. The hydraulic conductivity of perforated material is generally decided to be more than 3 × 10 À1 cm/sec (ARSIT ; NIDP ).
Infiltration trench
The structure of the infiltration trench is given in Figure 4 . First, crushed stones are filled in to an excavated ditch, and a perforated pipe is located in the middle of the crushed stones, which is then generally connected to an infiltration well. Rainwater collected in the pipe fills the void of the crushed stones, and the infiltration occurs at the side and bottom of the crushed stones into the surrounding soils. The infiltration trench is introduced frequently in green yards around buildings, in squares, and in parks. The infiltration trench is used generally together with the infiltration well. The infiltration well is good for the sedimentation of debris and fine soils, which is very helpful to maintain the function of the infiltration trench. The inner diameter of the perforated pipe is generally 100-200 mm, and the length is limited to about 120 times its diameter for maintenance purposes. The cross-sectional dimension of the infiltration trench is about 600 mm in width and 700 mm in depth.
QUANTIFICATION OF INFILTRATION FACILITIES

Evaluation of single infiltration facility
Assumptions and input data
This study simulated each infiltration facility by the SEEP/W model and quantified its runoff reduction effect by the decrease in CN. First, the design rainfall input was prepared using the rainfall intensity formula at the Seoul rain gauge station for the return period of 20 years and the rainfall duration of 60 minutes (that is, 80 mm/h). The temporal distribution of design rainfall was made by applying the Huff distribution recommended by the Korean Ministry of Construction and Transportation ().
Basic properties of the materials used for the surface layer of porous pavement were taken from Chai et al. () . The properties of crushed stones used for the road bed and the sand for the filter layer were taken from Jun () and Geo-Slope (), respectively. Finally, the weathered granite, which is a common soil in Korea, was considered for the pavement subgrade soil, whose information was taken from Yu et al. () . The saturated hydraulic conductivity and the saturated water content required to run the SEEP/W model are summarized in Table 1 .
Permeable pavement
For the simulation of infiltration from the permeable pavement, soil properties should be quantified by the function 
of hydraulic conductivity and soil-water characteristic curve. In this study, Green & Corey () were adopted for the function of hydraulic conductivity, and Arya & Paris () for the soil-water characteristic curve. The mesh for the simulation of permeable pavement was made as in Figure 5 . The depth and width of the porous pavement were given as 4 m and 3.4 m, respectively. The size of the uniform rectangular mesh grid was set to be 0.01 m × 0.01 m. The simulation was repeated for three cases. In the first case, the depths of surface layer, road bed, and filter layer were set to be 10 cm, 20 cm, and 30 cm (10/20/30), respectively. In the second case, these values were 10 cm, 30 cm, and 30 cm (10/30/30), and in the third case, they were 10 cm, 40 cm, and 30 cm (10/40/ 30 in the figure), respectively. In the simulation, the rainfall was set to fall on the permeable pavement.
The simulation results are summarized in Figure 6 . The effect of porous pavement was quantified by the decrease in CN, which is also expressed as a function of its area divided by the catchment area. Each number of 10, 20 and 30 in the legend of Figure 6 indicates the depths of surface layer, road bed and filter layer in cm, respectively. The decrease in CN was estimated by comparing the infiltration amounts before and after introducing the permeable pavement.
It is obvious that the infiltration efficiency (the decrease in CN as a relative measure, %) becomes higher as the area of permeable pavement increases. Ultimately it becomes 100% if the rainfall amount can be infiltrated and stored by the pores of the permeable pavement. Thus, as the depth of road bed increases, the infiltration efficiency 
Infiltration gutter
The same functions of hydraulic conductivity and soil-water characteristic curve as used for the permeable pavement were used for the simulation of infiltration gutter. Also, the same soil properties in Table 1 were applied in this simulation. The mesh to simulate the infiltration gutter was made as shown in Figure 7 . The shape of the infiltration gutter was assumed to be trapezoidal. The height and width of the infiltration gutter was assumed to be 0.4 m and 0.6 m, respectively. Below the infiltration gutter is the top layer, which is also surrounded by the layer of crushed stones. Three different water depths within the infiltration gutter, 0.1, 0.2 and 0.3 m, were considered and assumed unchanged in the simulation. The size of the mesh grid was also the same as that of the permeable pavement.
The simulation results are summarized in Figure 8 . The effect of the infiltration gutter was quantified by the decrease in CN, which is expressed as a function of the length of infiltration gutter divided by the catchment area. As can be found in Figure 8 , the infiltration efficiency was not significantly affected by the water depth within the infiltration gutter; that is, no significant difference of the decrease in CN could be found with respect to the water depth in the infiltration gutter. Also, similar to the case of permeable pavement, as the length of infiltration gutter increases, the infiltration efficiency exponentially increases. For example, if the trapezoidal-shape infiltration gutter is introduced with its length of 1,500 m over the area of 10,000 m 2 , then one can expect a decrease in CN up to 20%.
Infiltration well
The same functions of hydraulic conductivity and soil-water characteristic curve as used for the permeable pavement were used for the simulation of the infiltration well. Also, the same soil properties in Table 1 were applied in this simulation. The mesh for the simulation of the infiltration well was made as shown in Figure 9 . In this study, the shape of the infiltration well was assumed to be rectangular as shown in Figure 9 . The height and width of the infiltration well was assumed to be 1.4 m and 1 m, respectively. The infiltration well is surrounded by crushed stones, and the filter layer (mostly sand) is located at the bottom of the layer of crushed stones. When simulating the infiltration well by the SEEP/W model, the water depth in the infiltration well was assumed to be constant at 0.5 m. Three different methods of alignment of infiltration wells (one, two and three rows) were evaluated, but it was found that only the number of infiltration wells dominated the simulation result.
The simulation results are summarized in Figure 10 . The effect of the infiltration well is expressed as a function of the number of infiltration wells divided by the catchment area. As can be found in this figure, if a total of 200 infiltration wells are introduced over the catchment area of 10,000 m 2 , one can expect about 6% reduction of CN. 
Infiltration trench
The infiltration trench is a circular perforated pipe surrounded by crushed stones. As the SEEP/W model cannot simulate the pipe flow, it was impossible to simulate exactly the infiltration from the perforated pipe. Thus, in this study, we assumed that the water depth in the perforated pipe remains unchanged through the simulation. We considered three different cases of water depth, 0.2 × D, 0.4 × D and 0.6 × D, where D is the diameter of the perforated pipe.
The mesh for the simulation of the infiltration trench was made as shown in Figure 11 , where D was assumed to be 0.2 m. The filter layer is located at the bottom of the crushed stones. The simulation of infiltration was done for the water depth within the perforated pipe of 0.2 × D, 0.4 × D and 0.6 × D. The simulation result is summarized by the decrease in CN, which is given in Figure 12 . As it is given as a function of the length of the infiltration trench divided by the catchment area, one can easily estimate the effect of the infiltration trench by the decrease in CN. For example, if the infiltration trench of 1,000 m is introduced in the area of 10,000 m 2 , then one can expect the decrease in CN to be up to 5% when the water depth is 0.2D. Interestingly, it was found that the infiltration efficiency was estimated to be less with the increase of the water depth. In fact this result was mainly due to the crushed stone surrounding the perforated pipe being more saturated when the water depth within the pipe is high.
Intervention effect of nearby infiltration facilities
When using multiple infiltration facilities, the intervention effect from nearby facilities should be evaluated. In this study, the infiltration facilities were assumed to be evenly located in the 30 m × 30 m area. Three different infiltration facilities, infiltration gutter, infiltration well and infiltration trench, were evaluated. The dimensions of these infiltration facilities are given in Figure 13 . The simulation was repeated by increasing the number of each facility. As an example, the grid network for the simulation of porous lateral ditch using the SEEP/W model is given in Figure 14 .
The infiltration efficiency derived with respect to the distance between neighboring facilities is shown in Figure 15 . This figure shows that the infiltration efficiency does not change significantly when increasing the number of facilities. The minimum distance between the infiltration gutters to secure the 99% infiltration efficiency is estimated to be about 1.6 m, that between infiltration wells is about 1.0 m, and that between the infiltration trenches is about 2.4 m, respectively.
Which decides the efficiency of infiltration facility, volume or surface area?
A total of four different infiltration facilities have been evaluated in this study. However, as they are different in shape, it is difficult to compare their infiltration ability or the ability with respect to the decrease in CN. Thus, in this part of the study, all four infiltration facilities are compared with respect to their surface area (i.e., the underground interfacial area for infiltration) and by their entire volume (i.e., the maximum volume of empty space where water can be stored). Figure 16 (a) compares the infiltration ability quantified by the CN reduction with respect to surface area. In this figure, only one case per each facility is compared with others. For example, the permeable pavement in this figure indicates the case that the depths of surface layer, road bed, and filter layer were set to be 10 cm, 30 cm, and 30 cm (10/30/30), the infiltration gutter with its water depth 20 cm, and the infiltration trench with its depth 8 cm. As can be seen in this figure, the infiltration well seems to be the most efficient of the four facilities. The infiltration gutter was found to be least efficient. When comparing infiltration ability by the volume of each facility (Figure 16(b) ), the result was similar. The infiltration well and the infiltration trench show the most efficient behavior. This result especially useful when choosing an infiltration facility. Among those considered in this study, the infiltration well and infiltration trench seem better than the others, functionally and economically.
CONCLUSIONS
There have been some arguments in Korea about the countermeasures for the urban water inundation problem. Most civil engineers seem to prefer large storage facilities; on the other hand, many other citizens and environmentalists prefer infiltration facilities. Storage facilities are direct and effective at handling the flood, but the infiltration facilities are said to be better as they can reduce the flood amount as well as increase the infiltration amount. However, the flood reduction effect of these infiltration facilities has never been thoroughly examined in Korea.
In this study, four infiltration facilities (permeable pavement, infiltration gutter, infiltration trench, and infiltration well) have been investigated and compared with their flood runoff reduction effect. The SEEP/W model was used to estimate the infiltration amount of each facility, and the flood runoff reduction effect was quantified by the decreased CN. It was found that the infiltration could be successfully simulated by the SEEP/W model, whose result could also be quantified effectively by the decrease in CN. Among four infiltration facilities considered in this study, the infiltration well and infiltration trench were found to be the most efficient and economical. Also, the intervention effect of nearby infiltration facilities was found to be not so significant. In an extreme case where the infiltration wells were located at 1 m interval, the intervention effect was found to be just 1%.
It is obvious that, by introducing the infiltration facilities, the infiltration amount could be increased and the problems due to urbanization alleviated. Even though the runoff reduction effect of infiltration facilities is smaller than that of storage facilities, such facilities have another important advantage of improving or recovering the sound water cycle that the natural catchment has. The heat island effect and the drying stream problem in urban areas may also be alleviated by introducing infiltration facilities. 
